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Discussion of Candidate Materials (Survey of Materials)
PNNL has experience with four broad categories of materials for consideration in the "pseudoglassification" process. These materials include (1) glass, (2) resin/epoxy/paste, (3) cement/grout/clays/specialty ceramics, and (4) metals/alloys/salts. Each of these materials has benefits and drawbacks for use in the proposed process. Glasses and Ceramics are currently viewed as optimal materials for immobilization or encapsulation of highly radioactive slurries generated from the reprocessing of nuclear fuels, but they generally require processing to occur at elevated temperatures and often have high-Z materials such as lead incorporated within them. Certain specialty ceramics have been developed that can be machined allowing for the possibility of manufactured components that could be used in encapsulating a fuel rod. Resins, epoxies and pastes have the advantage of being economical and easy to use, but they are generally composed of organics that are not resistant to radiation damage. Cements and grouts are heavy and more time and energy intensive, but some have been engineered to address concerns analogous to those posed by the G-Demption system. A low melting point eutectic metal alloy system that could be melted and poured into and around the fuel rod could be considered. In addition, alternatives to an aluminum enclosure should be evaluated, alloy families such as zircaloy, stainless steel, and Inconel may provide better overall performance and safety. These additional materials could not only be used to augment the structural integrity of the system but also to tailor the dose to the levels approved by the Food and Drug Administration (FDA) for food irradiation, see Table 1 . 
Glasses
A wide variety of glasses have been designed for various uses and any number of additional glasses can be engineered to suit the needs of novel endeavors. However, the cost and time associated with design, fabrication, and testing of optimally designed glasses is beyond the bounds of the current level of effort desired by G-Demption. Instead, it is a synopsis of the current state of existing glass technology that is of use for immediate design consideration. Table 2 provides a list of glasses that melt at fairly low temperatures for consideration in the "pseudo-glassification" process. Each of these glasses has some component fraction of high-Z materials that are undesirable for the current objective. However, if it is decided that a glass is a preferred material for use, then those glasses in the table with minimal gamma interference can be considered as a starting point for design or for more extensive investigation of possible glasses for use. Each of these glasses has a melting point below the melting point of the G-Demption aluminum encapsulation device (660°C). However, the glass melting points are a significant fraction of the aluminum melting point, which implies that if one of these glasses were to be used, additional engineering would be needed for process optimization. For instance, it may be necessary to first let the glass harden around a used fuel rod that has first been placed within a thin sleeve of material with a higher melting point and then placed within the aluminum encapsulation. If the glass does not wet the surface of the material used for the sleeve, the sleeve could be removed prior to insertion of the glass encapsulated rod into the aluminum encapsulation. (Gabr et al. 2007) 
Resins, Epoxies, and Pastes
For disambiguation, a resin is a material that forms a polymer when subject to a heating (thermosetting) process. Epoxies are resins in which a copolymer (hardener) is used to increase material strength. A paste is a mixture of solid and liquid, that when dried, hardens to form an adhesive.
As with glasses, there are many different resins, epoxies, and pastes currently available. The primary concern with these materials is that they tend to break down when subjected to strong radiation fields. Previous studies have shown that different resins have varying degrees of radiation hardness. It is difficult to express the susceptibility of a material to radiation damage with one consistent metric. In general, damage threshold levels indicate nominal fluence at which a component can be expected to fail due to radiation effects. This failure can be caused, for instance, by loss of transparency for optical components or the embrittlement of elastomeric compounds used for gaskets and seals. A generic comparison of radiation resistance has been generated and is listed in Table 3 for an array of plastics/resins/epoxies. Although relative radiation resistance of several materials is useful in narrowing down the search, it does not give an indication of actual material performance in gamma fields for the intended purpose. A glimpse of radiation hardness based on evaluated performance is available for select compounds as shown in Table 4 (Vandergriff, 1990) . In Table 4 , the measure of radiation is a generic "damage threshold" in terms of RAD. To further understand the performance of the materials listed in Table 4 and other materials to be considered, the damage threshold can be more explicitly characterized. For instance, the acetal resin Delrin is listed as having a damage threshold of approximately 6×10 5 RAD. This damage threshold was measured explicitly as a degradation of tensile strength and elongation. More specifically, Delrin has been demonstrated to have a 20% decrease in tensile strength at 3×10 6 RAD, a 20% loss of elongation at 1×10 6 RAD, a 50% decrease in tensile strength at 8×10 6 RAD and a 50% loss of elongation at 2×10 6 RAD. The damage thresholds listed in Table 4 are approximate and generic. It is not apparent what the direct impact of these values are on the performance of each listed material as a pseudoglassification material. However, they do indicate the relative resistance of each material to gamma irradiation. Once the localized dose rate for a given used fuel rod is determined from burnup and decay conditions, the time that the material can be expected to maintain its integrity can be estimated from the values presented in Table 4 . Once a candidate material is selected, a more thorough investigation of the expected effects of radiation on its performance can be performed. One option for the use of a paste would be to fill the space between the used fuel rod and the aluminum encapsulation structure with a boron nitride powder and water. This process could be performed at room temperature, fill the gaps nicely, and, once dried, be compact enough to prevent the fuel rod from moving. Boron nitride is also known to be fairly resistant to gamma irradiation.
Cements, Grouts, Clays, and Specialty Ceramics
One intriguing characteristic that is currently studied regarding cements, grouts, and clays is the incorporation of constituents that act to sequester mobile compounds released from the object that they enclose. The zeolite mineral, clinoptilolite, would provide a significant barrier to any cesium, and possibly strontium, release. Clay minerals, such as smectites, would be easily available and provide a barrier to many of the elements including strontium, cesium, and probably carbon. Technetium is known to be present within the used fuel in the form of nano-particles. Clay backfill will provide a significant barrier to the transport of such particles. Manganese oxide inclusions will reduce plutonium and americium to an insoluble species that will strongly sorb. Neptunium and uranium transport will be attenuated by a mixture of clays and metal oxides. Iodine can be sequestered by including 400-1000 ppm silver dispersed into the clay and zeolite. Silver-mordenite (zeolite) has been used in gas flow systems to trap iodine; however, such high levels of silver are unnecessary. The actual concentration of iodine in the fuel as well as all other fission products is in the ppm range; hence, chemical means for precipitating them do not require large concentrations of trapping agents. Any released iodine will react with Ag to form AgI, a relatively insoluble compound. A synopsis of known inclusions for retarding transport of radioisotopes of concern is as follows: Pu. Plutonium is only sparingly soluble and sorbs strongly to oxide mineral surfaces (generally less strongly to silicates) (Lu et al. 2003; EPA 1999; EPA 2004) . The introduction of manganese oxides or iron oxides would severely limit any Pu migration.
 Americium. Americium is sparingly soluble but sorbs strongly to mineral surfaces, including colloids (Degueldre et al. 1994 ). Americium exhibits large K d values often in the range of 1,000 to >100,000 mL/g, depending on the pH. However, the concentrations of dissolved americium may be controlled by precipitation in many environments (EPA 2004) . Therefore, high reported sorption measurements may reflect precipitation reactions.
 Neptunium. The NpO 2 + ion may be soluble under anticipated repository conditions and will be less likely to participate in colloid formation than the other actinides. The sorption properties of Np(V) have a strong dependence on pH (EPA 2004; Bradbury and Baeyens, 2005, Figure A4 (c and d), pg. 889). Retention or sorption of neptunium in alteration products has been observed under high pH conditions (Ménard et al. 1998; Lu et al. 2000; McNamara et al. 2005) ; however, because these high pH regimes (i.e., >pH 9) are not anticipated to occur in the waste package environment, this high pH data has not been used in the model.  Cesium. Few stable cesium complexes will exist in groundwater. Cs + ion exchange will occur with Na + or Ca 2+ in montmorillonite (Atun et al. 1996) and in uranyl silicates, such as boltwoodite (Burns, 1999) and uranophane (Douglas et al., 2002) . The degree of sorption/desorption will depend on the availability of clays and the concentration of other ions that will compete for adsorption sites; however, within the low ionic strengths anticipated in the repository environment, this is not considered to be an important process. Cesium will only sorb weakly onto iron oxides (Torstenfeld et al. 1982 ).
 Strontium. The Sr 2+ species will sorb to clays (Torstenfelt et al., 1982; Missana et al, 2008) .
 Iodine. Iodine is considered highly mobile in a nuclear fuel. Dispersed nano-particles of silver (400-1000 ppm) in the clay backfill will enable iodine to precipitate if it is released. The quantity of these agents need not be high because the actual concentration of the fission product is small (EPA 2004).
 Uranium. Uranium ( 235 U, 233 U, and 238 U) is the most abundant radioactive element in fuel. It can be effectively sorbed with a combination of clay and iron oxides. The sorption edge for uranium on hematite is near pH 5.5 (Missana et al., 2003; Pabalan et al., 1997; Bradbury et al., 2005) .
 Tin. Tin is stable in its tetravalent form, Sn(IV), where Sn(OH) 5 -and Sn(OH) 6 2-are the dominant hydrolytic species.
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Sn is the long-lived isotope that has been considered in some dose estimates although it is unlikely to play a role in the engineered SNF irradiation system. Sn(IV) sorbs strongly to smectite clay (Bradbury and Baeyens, 2005 Figure 1 ). It is essential to control the composition of any backfill materials. For instance, sulfur can cause excessive corrosion or reduce the impact of the silver particles for sequestering iodine. Hence, very pure sources for the clay, iron, and zeolite materials are needed. For minerals in which the sorption mechanism is primarily by ion exchange (e.g., clay minerals), ionic strength impacts sorption of alkali metals on clay minerals (especially at their edges), because cations compete with radionuclides for exchange sites (Atun et al. 1996) . Given the small expected water content and the large amount of added materials containing these ions, the local ionic strength might be high, limiting sorption in some instances. Figure 1 . Schematic plot adapted from data reported for cesium sorption on montmorillonite with pH and NaCl concentration (Serne and Relyea 1982) .
Macor® supplied by Corning is a machinable glass ceramic composed of approximately 55% fluorophlogopite mica and 45% borosilicate glass. Macor® is not dimensionally affected by irradiation. Small pieces are used with high tolerances of one micrometer as comparators to measure irradiationinduced dimensional changes in other materials. Macor® can be machined with high speed steel and carbide tools to very tight tolerances up to 0.0005 inches. It has a continuous use temperature of 800 °C and a peak temperature of 1000 °C. Its coefficient of thermal expansion (Figure 2 ) matches most metals and sealing glasses. It has high density and zero porosity. Macor® can be joined or sealed both to itself and to other metals. Metalizing using metal inks or sputtering can be done to solder. Brazing is possible to itself and various metals and the sealing glass will form a vacuum tight seal. Fabrication in full 12-ft fuel rod lengths would likely be unreasonably expensive, however, sections could be machined and a sealed sleeve fabricated inside the metal capsule. Given its dimensional stability under irradiation and compatibility with metals over a wide temperature range, it could be used to form a sealed inner ceramic canister that effectively double-encapsulates the fuel rod. The thermal conductivity of Macor® is presented in Figure 3 for design considerations concerning thermal transport (Corning, 2014 
Metals, alloys, and salts
Another possibility is to backfill the apparatus with a eutectic system that melts at a low temperature and is solid at the operating temperature of the apparatus. Lead-Bismuth is a popular eutectic system that melts around 128 °C. It could be poured as a low-viscosity liquid into the apparatus at ~250 °C and allowed to cool to a solid. Of course, this material would be a large attenuator, but there may be a more suitable eutectic out there. Another beneficial attribute of such a eutectic material is that after it is used, it could be recovered by heating it up and pouring it out. Wood's metal is a common solder that is ~50% bismuth, ~25% lead, ~12.5% tin, and ~12.5% cadmium and melts at ~70 °C. Field's metal is ~32.5% Bi, ~51% In, and ~16.5% Sn and it melts at ~60 °C. Rose metal is ~50% bismuth, ~25% lead, and ~25% tin and melts around 94 °C and it does not contract on cooling.
Unfortunately, the very low melting eutectic systems include heavy metals that act to attenuate gamma rays, which is a disadvantage for the current application, but may be used selectively to tailor the dose levels to meet regulatory requirements. An in-depth survey of alloy systems may generate an optimal solution for pseudo-glassification of the rod in the G-demption encapsulation device. However, there are many considerations that may not be satisfactorily discussed in the available literature. These considerations include: 1) the alloy melting point, 2) the alloy strength, 3) the propensity of the material to wet the surface of the ziraloy cladding of the irradiated fuel rod and the aluminum encapsulation device, 4) a low tendency to interact with zircaloy or aluminum, 5) a low tendency to expand or contract during solidification/melting or during heating or cooling, 6) it might not be cost-prohibitive to use, and 7) it would likely have a limit on the maximum fraction of high-Z materials. Below is a cursory survey of potential metals and alloys (Hansen 1958 ).
The general strategy in an initial survey of potential alloys is a direct effect of the physical restrictions placed on the system. Primarily, in order to be used as a pseudo-glassification material as initially defined, the alloy must flow at a temperature that is significantly lower than the melting point of the materials that it comes into contact with. As aluminum has a melting point of around 660 °C and zirconium has a melting point of 1855°C, a good starting point for the material search is to find an aluminum alloy that has a lower melting point than aluminum. The upside of this strategy is that, in many cases, a eutectic can be formed that has a lower melting point than each of the pure constituents and an aluminum alloy is very likely to wet aluminum. The downside is that the material is likely to interact with the aluminum. After aluminum alloys are assessed, metals with lower melting points than aluminum are surveyed for possible matches. These metals are typically those that alloy with aluminum to form the lower-melting point materials. Materials such as gold and silver have been dismissed from this survey due to high costs. High-Z materials have also been dismissed from this survey.
 Aluminum-bearing alloys o Al-Ca: Aluminum forms a eutectic with calcium that melts at 545 °C at a calcium atomic percent of 65%.
o Al-Cu: Aluminum forms a eutectic with copper that melts at 548 °C at a copper atomic percent of 17.3%
o Al-Ga: Aluminum and gallium mixtures have lower melting points than pure aluminum. These melting points decrease with increasing quantities of gallium and approach the melting point of gallium (29.8 °C) as the gallium atomic percent approaches 100%.
o Al-Ge: Aluminum and germanium for a eutectic that melts at 424 °C at a germanium atomic percent of 30.3%
o Al-Li: Aluminum and lithium mixtures have lower melting points than aluminum at high lithium concentrations ~ 70% by atom.
o Al-Mg: Aluminum and magnesium mixtures (37.4-70% Mg) melt at 450-437 °C, respectively.
o Al-Sn: Aluminum and tin mixtures (75-100% Sn) melt at ~500-232 °C, respectively.
o Al-Zn: Aluminum and zinc mixtures have lower melting points than aluminum. A minimum melting point of 382 °C occurs at a zinc atomic weight percent of 88.7%.
 Non-aluminum metals and alloys o Na: Pure sodium melts at around 98 °C and is not soluble in aluminum. Sodium is reactive with water, so moisture and humidity are a concern when it is used.
o Na-Rb: Sodium and rubidium mixtures have very low melting points with a minimum of -5 °C occurring at a rubidium atomic percent of 75.5%.
o Na-Se: Sodium and selenium mixtures have a wide range of melting points. At selenium concentrations above 70 atomic%, the melting point is below 300 °C.
o Na-Sb: Sodium and antimony mixtures have higher melting points than pure sodium. However, if it is deemed that an optimal melting point for the alloy to be used by slightly higher than that of pure sodium, small quantities of antimony can be added. A mixture of sodium with 5 atomic% antimony has a melting point of around 400 °C.
o Na-Sn: Sodium and tin form mixtures with a variety of melting points. At tin concentrations above 80 atomic%, the melting point is <300 °C.
o Sn: Pure tin has a melting point of ~232 °C. Sn forms a eutectic (melting point 228.3 °C) with Al at a composition of 97.8 atomic% Sn. The solubility of Al in the eutectic at the eutectic temperature is 0.05 mass%.
o Sn-Zn: Tin and zinc mixtures have melting points < 419.4 °C. A eutectic with a melting point of 198 °C is formed at a tin concentration of 85 atomic%.
In addition to metals and alloys, salt mixtures can be formed that have relatively low melting points. Fluoride salts such as FLiBe (Li 2 BeF 4 ; M.P. ~ 460 °C ) and FLiNaK (mole percent LiF(46.5)-NaF(11.5)-KF(42); M.P.= 454 °C) have been used as coolants in molten salt reactors (Holcomb et al. 2009 , Williams 2006 ). Williams (Williams 2006) includes information on several more molten salt systems. One general issue with these salts is that they tend to be fairly corrosive to the materials of construction of the system in which they are used. Alternatively, mixtures of nitrate salts for heat storage have reportedly been engineered to have melting points below 80 °C (US Patent 7,828,990 2010).
Discussion of Material Properties and Logistics of Filling the G-Demption Apparatus
While the choice of using aluminum as the material of construction for the G-Demption encapsulation device initially makes sense from financial and thermal transport perspectives, it can be quite constricting in the consideration of materials, structural integrity, and processes used to meet the objectives of the pseudo-glassification process. The previous section provided a survey of materials that exhibit some properties that are amenable to the optimal function as pseudo-glassification materials in the current manifestation of the of the G-Demption encapsulation device. This section provides a discussion of design considerations for implementation of the actual pseudo-glassification process.
The first consideration involves the overall thermal transport of the system. Aluminum is an excellent conductor of heat, but this property is not fully exploited unless the aluminum is actually in contact with the heat source (in this case, the used fuel rod.) With this concept in mind, one topic of concern arises from the fact that, in the current design, the used fuel rod will be placed within a prefabricated aluminum encapsulation device of set dimensions. This means that the material to be used for the pseudo-glassification process must be able to flow into the space between the rod and the aluminum encapsulation device, wet the surface of both the rod and the aluminum, and maintain contact with all surfaces during and after solidification. These criteria are nearly impossible to meet as, in general, materials tend to incur dimensional variation during phase changes. There are several alternative design considerations to alleviate this difficulty:
1. The material to be used can be a low-melting material that remains a liquid throughout the operation of the irradiation device. This option offers some significant opportunities for optimizing thermal transport, but does little to provide mechanical shock resistance or an enhanced transport barrier for radionuclide retention. If the concern regarding mechanical shock could be allayed by the design of the main encapsulation structure, then the liquid of choice for maintaining thermal transport efficiency could be as simple as water.
2. The material could be introduced as a pourable solid (such as micro-beads, micro-spheres, or a non-clumping powder) that would flow much like a liquid and be "packable" by vibration. If the material has decent thermal transport properties, this will allow for better heat transport via conduction that is available from air, even though the material contains small gaps. This option would provide a more robust protection from mechanical shock that a liquid and may also provide a more substantial barrier to radionuclide transport.
3. A material that undergoes minimal contraction during solidification could be used. If loss of contact from the rodlet or aluminum is realized, it may be minimized and some contact may remain. As long as the material does not recede from the rodlet (forming a potential transport pathway), it may prove to be a substantial transport barrier and may also provide significant protection from mechanical shock. Depending on any modified design of the encapsulation device, compression could be applied externally in order to force continual contact during solidification.
4. A material could be selected that undergoes slight expansion during solidification. This could be optimal as long as expansion is not so great as to cause physical damage to the encapsulation device.
5. A material that is added as two components that undergo a chemical or physical reaction could result in a continuous bond between the rod and the aluminum. Using a resin, epoxy, or paste discussed in the previous section may achieve this objective.
6. The design of the apparatus could be modified to incorporate the pseudo-glassification material during fabrication/setup. In this scenario, the irradiated rod would first be placed into a mold filled with the material of choice in such a way that the material encapsulated the rod and remains in intimate contact. The aluminum outer casing could then be pressed or molded around it. This would allow for materials with higher melting points to be considered.
Conclusions
The analysis presented in this report does not single out any one specific recommended material, but rather presents a basis of materials and considerations from which more informed engineering decisions can be made regarding the proposed "pseudo-glassification" process. The determination of the appropriate material will accompany a careful consideration of the scenarios in which the pseudoglassification material is expected to serve its intended role. For instance, if structural support in the event of off-normal highly-energetic events (terrorist attacks, earthquakes, fires) are being considered, then material properties such as the propensity of the selected glass, ceramic, cement, resin, etc. to crack is a primary concern. If such an event is sufficiently impactful as to crack the aluminum encapsulation along with the pseudo-glassification material, it will likely crack the fuel and cladding as well. In this case, radionuclide release will not likely be greatly impeded by the presence of the pseudo-glassification material. A categorization of the cracking phenomena is important, however, as there is a significant difference between the formation of hairline cracks and shattering of the pseudo-glassification material. If the fuel and pseudo-glassification material is cracked and radionuclide release occurs, then zeolitecontaining cements that exhibit properties of sorbing important radionuclides offer some promise and should be considered for further investigation.
The choice of the material is difficult to pin down as it changes with modified processes. A significant effort was put forth in this report to find recommended materials that would be compatible with the existing G-Demption design. However, the list of materials to be considered could be greatly increased if the material of construction for the encapsulation device were to be adjusted. Zirconium and Stainless Steel Alloys commonly used in the nuclear industry should be considered to increase the overall strength and integrity of the structural components of this system. These materials have higher melting points than aluminum and can accordingly withstand the temperatures necessary for use of glasses, metals, and alloys that have higher melting points. The standards and codes for the construction and operation of irradiation facilities, particularly those surrounding accident and seismic scenarios and the safety of the public and environment, may be easier to satisfy and less costly overall when using high strength structural materials such as stainless steel. Zirconium has high strength and ductility and is corrosion resistant and biocompatible and therefore can be used in irradiators handling medical devices and food for human consumption. Use of these materials may also facilitate regulatory review and approval by the NRC which mandates that commercial irradiators use proper design for source integrity, safety systems, and facility design criteria to ensure the NRC limit for exposure to the public from a licensed facility will be no greater than 100 millirem per year.
While it is not easy to generate a single recommended material that addresses all concerns, it is hoped that the materials and considerations in this report aid in the design of the G-Demption device. If a design change that has minimal impact on the fabrication and operation of the apparatus is the primary consideration, then a flowable solid, paste, epoxy, or resin may be the most efficient and economical choice. In the case of the flowable solid (non-clumping powder), the solid could be poured into the GDemption encapsulation device like sand and then subjected to vibration in order to effect a hard packing. In any of these cases, however, the retrieval of the irradiated rod from the device would be difficult. If design changes involving a greater impact on the fabrication and operation of the device can be considered, then perhaps metals, alloys, salts, glasses, and modifications to the materials of construction (as well as the construction process) can provide more robust solutions. Due to the limited scope of this project, it is difficult for us to provide a more solid recommendation, but we feel that an expanded study could provide insight into more optimal materials and associated fabrication/operation protocols.
